Although the RFamide-related peptide (RFRP) preproprotein sequence is known in mice, until now, the molecular structure of the mature, functional peptides processed from the target precursor molecule has not been determined. In the present study, we purified endogenous RFRP1 and RFRP3 peptides from mouse hypothalamic tissue extracts using an immunoaffinity column conjugated with specific antibodies against the mouse C-terminus of RFRP-1 and RFRP-3. Employing liquid chromatography coupled with mass spectrometry, we demonstrated that RFRP1 consists of 15 amino acid residues and RFRP3 consists of 10 amino acid residues 
| INTRODUC TI ON
The Rfrp gene has been primary identified as the mammalian orthologue of the avian gonadotrophin-inhibiting hormone (GnIH) gene. 1 In rodents, RFamide-related peptide (RFRP) precursor mRNA is translated to RFRP preproprotein, which is subsequently cleaved and modified via amidation, resulting in two bioactive neuropeptides: RFRP1 and RFRP3 (also known as NPSF and NPVF, respectively). 1 RFRPs possess a characteristic C-terminal LPXRFamide (X=L or Q) motif followed by glycine (G) as an amidation signal and arginine (R) as an endoproteolytic basic amino acid. [1] [2] [3] There are reports that, similar to the avian GnIH neuropeptide, RFRPs act as regulators of reproductive function. 1, [4] [5] [6] However, because the expression of RFRPs and their receptors is enriched in the central nervous system (CNS) (mainly the hypothalamus), 7 in addition to the effects on reproductive axis, they are considered to play a role in the regulation of other important functions, including feeding and pain perception. [7] [8] [9] [10] [11] [12] [13] In our previous studies, we have extended the potential physiological role of the RFRPs with three independent obesity models, showing that cold exposure suppressed expression of RFRP precursor mRNA in the mice hypothalamus in a manner that was independent of nutritional status and insulin or leptin resistance. 14 The significance of the peptides encoded by the precursor mRNA is that they may have a unique role in the central regulation (the former binding RFRP1 and RFRP3 with higher affinity than the latter).
1,15-17
Knowledge of the amino acid structure and localisation in the organism is indispensable for molecular analyses focused on establishing the physiological function of neuropeptides. Sequences of most mammalian RFamide-related peptides were inferred using bioinformatic approaches, such as a gene database search for GnIH homology 1 or a structure predicted from the rules of neuropeptide processing. 18, 19 However, peptide processing and post-translational modifications are not fully predictable; thus, it should be assumed that most of the processed neuropeptides have not yet been unequivocally identified. The most reliable method for peptide identification appears to be an immunoaffinity purification using specific antibodies coupled with mass spectrometry (MS) identification. To date, this approach has been used for identification of the sequences of endogenous RFRPs in bovine, 15, 20 rat, 21 hamster, 22 macaque 23 and human 24 hypothalamus. In the mouse, the exact structures of the peptides remain unknown. Moreover, the literature is unclear on the specificity of cell and tissue expression of RFRP1 and RFRP3 in the mouse. Liu et al 25 report that in situ hybridisation indicates the expression of RFRPs in the mouse hypothalamus, whereas other studies show that Rfrp mRNA and RFRP1 and RFRP3
are expressed in peripheral tissues, especially in gonads. 26, 27 Accordingly, the present study aimed to acquire definitive information on the structure and location of RFRP precursor and its naturally occurring processing products in the mouse. We utilised immunoaffinity chromatography in conjunction with MS to purify and identify mature neuropeptides in the mouse hypothalamus.
Using specific antibodies against the C-terminal portions of mouse RFRP1 and RFRP3, we performed immunohistochemistry analysis on brain sections from wild-type (WT) and Rfrp knockout (KO) mice to determine the distribution of RFRPs in the CNS.
| MATERIAL S AND ME THODS

| Animals
Male and female C57BL/6J (WT) and Rfrp KO mice (8-10 weeks old)
were provided with standard rodent chow diet and water ad lib., and kept under conditions of controlled lighting (lights on 7:00 am) and temperature (24°C) until used for the experiments.
CRISPR/Cas9 Rfrp KO, with a mutation in the Rfrp gene, was obtained from Cyagen Biosciences Inc. (Santa Clara, CA, USA). A CRISPR/Cas9 system was used to make a single base nucleotide (adenine) deletion in the Rfrp gene. The mutation is localised between regions encoding for RFRP1 and RFRP3 in the DNA sequence, which changes the frameshift and abolishes the production of the fulllength preproprotein.
After decapitation, various internal tissues (gonads, stomach, ileum, colon spleen, liver, kidneys, lungs, skeletal muscle, intrerscapular brown adipose tissue, inguinal white adipose tissue, eyes and the hypothalamus) were dissected out, frozen in liquid nitrogen and kept at −80°C until used.
All procedures regarding animal experiments were approved by the Local Animal Care and Use Committee for University of Warmia and Mazury, Olsztyn, Poland.
| Generation of antibodies specific to mouse RFRP peptides
Polyclonal antibodies were produced in rabbits injected with peptides, 15 amino acids in length, corresponding to the C-terminal region of the predicted mouse RFRP1 and RFRP3 (Eurogentec SA, Seraing, Belgium). The amino acid sequence of the immunising peptide used for the production of anti-RFRP-1 (N-terminal to C-terminal) was: ANKVPHSAANLPLRF+C-NH2; for anti-RFRP-3:
C+EAGTRSHFPSLPQRF-NH2 (the 16th amino acid C was added to the N-or C-terminus of the peptide sequence to allow the selective conjugation of the peptide to a carrier protein, keyhole limpet hemocyanin). Four immunising injections were delivered over a period of 12 weeks. After bleeding of the animals, crude serum was passed through the column with resin conjugated with the immunising peptide. During this process, sequence-specific antibodies were captured, and unrelated antibodies were washed off. Purified antibodies were used to determine structure and location of RFRPs in the mouse.
| Immunoaffinity purification
The hypothalami were boiled in 20 mL of water for 10 minutes, and then the water was decanted and placed on ice and tissues were homogenised in 20 mL of ice-cold 5% acetic acid using a chromatography purification was carried out as described previously. 28 The antibody against RFRP1 or RFRP3 was conjugated to CNBr-activated resin using an AminoLink Plus Immobilization Kit One hundred and twenty adult male or female WT mice were used to identify RFRP1 and RFRP3 peptides. The purification and identification process of RFRP1 and RFRP3 was performed in duplicate; for each replicate, hypothalami isolated from 60 mice were subjected to processing methods. To confirm the specificity of the antibodies used in the present study, and to authenticate the results obtained, an analogous procedure of purification and identification was carried out using Rfrp KO mice.
| Mass spectrometry
| Immunohistochemistry
To evaluate nonspecific staining patterns, immunohistochemistry analysis was performed on brain tissues collected from WT and Rfrp
KO male mice.
Perfusion with 4% paraformaldehyde (PFA) was performed on animals under anaesthesia (6 mg mL -1 ketamine, 1.67 mg mL -1 xylazine, 0.53 mg mL -1 chloropromazine; 40 μL 10 g -1 body weight). For the estimation of the total number of RFRP-1 and -3, the brain region covering −1.23 to −2.45 μm posterior to bregma was chosen, where RFRP-immunoreactivity was observed. The selected brain region was outlined with a reference to a coronal atlas of the mouse brain. 29 An average of 11 sections per animal was used for quantification. The number of RFRP1 and RFRP3-positive neurones was expressed as the mean value per mouse, and the total number of mice used for the calculation was four.
| Quantitative real-time polymerase chain reaction (PCR)
For the detection of RNA encoding Rfrp and NPFF1 receptor, a quantitative reverse transcriptase (RT)-PCR was performed on mRNA extracted from multiple tissue samples of male and female WT mice.
Total RNA was extracted using TRI Reagent and BCP phase separation reagent (Molecular Research Center, Inc., Cincinnati, OH, USA) and purified using RNeasy isolation kit (Qiagen Biosciences, Germantown, MD, USA). Yield and purity of RNA were determined by using a NanoDrop 1000 Spectrophotometer (Thermo Scientific).
RNA was diluted to 20 ng μL -1 in nuclease free water (Sigma, St 
| RE SULTS
| Purification and identification of endogenous RFRP1 and RFRP3 peptides from mouse hypothalamus
We purified endogenous RFRPs from the acetic acid extracts of WT mice hypothalami using an immunoaffinity chromatography column conjugated with antibodies that cross-reacted with a deduced C-terminal portion of mouse RFRP1 or RFRP3. The affinity-purified material was used to identify the fully processed forms of RFRPs by MS.
LC-MS/MS-based peptidomic analysis revealed two peptides with a LPXRF (X=L or Q) motif at their C-termini. To confirm the data obtained by these structural analyses, the synthetic peptides having the suggested sequences were compared with the peptides purified from the hypothalamus with regard to the mass number. Corresponding purified and synthetic peptides showed a similar molecular mass, and the fragmentation of synthetic peptides by the tandem MS analysis was coincident with that of the native ones (data not shown).
RFRP1-immunoreactive (-IR
Analogous purification and identification process of RFRPs performed on hypothalamic tissues isolated from Rfrp KO mice did not show any signals corresponding to RFRPs on the MS spectra.
| Tissue distribution of Rfrp and Npff1r mRNAs in the mouse
Rfrp and Npff1r mRNAs were expressed at the highest level in the hypothalamus ( Figure 2) . In peripheral organs, there was substantial variation in the distribution of mouse Rfrp and its receptor mRNA.
We detected relatively high levels of Rfrp mRNA in the eye; low expression levels in the gonads, colon, stomach, ileum, muscle, kidney and spleen; and no expression the lung, liver, intrerscapular brown adipose tissue and inguinal white adipose tissue (Figure 2A ). In turn, moderate levels of expression of the Npff1r gene were observed in the testis and low expression levels in the ovary, colon, stomach, eye, ileum, muscle and lung. There was no detectable Npff1r expression in other tissues ( Figure 2B ).
| Distribution of RFRP immunoreactivity in the mouse brain
Multiple RFRP1 and RFRP3-IR cell bodies were detected in the dorsomedial hypothalamic nucleus (DMH) and occasional immunoreactive neurones were observed between the DMH and ventromedial hypothalamic nucleus (VMH) of WT B6 mice ( Figure 3A-H) .
In the Rfrp KO animals, immunohistochemistry (IHC) staining revealed no RFRP3 immunoreactivity in the brain, whereas RFRP1-positive cells, similar to those observed in the WT mice, were detected in the DMH and in the region between DMH and VMH.
There were no significant differences in RFRP1 and RFRP3-IR cell counts ( Figure 3I ).
Although both antibodies are able to be used for immunofluorescence (data not shown), we were unable to successfully co-label the two peptides because the primary antibodies share a rabbit host.
The IHC analysis shows that RFRP-1 and -3 efferent projections are distributed widely across the brain. RFRP-1 and -3 nerve [KV] or by nonclassical processing that involves cleavage at nonbasic residues. 19, 30, 31 The precise mechanism of how the RFRP preproprotein is processed into mature neuropeptides, as well as how this process differs between species, is unknown.
| D ISCUSS I ON
In the literature, hypothetical sequences of mice RFRPs are deduced from the cDNA sequence, predicted based on similarity to the sequence of the human peptides or even on the assumption that the proteolysis occurs exclusively by classical pathway at the first or the second basic residue in the sequence from the C-terminus. Comparison of the species in Figure 5 shows that the conserved C-terminal sides of mature RFRP1 and RFRP3 appears to be produced according to the classical rule of processing. This scheme also applies to the N-terminus of RFRP3 and bovine and human RFRP1. 
The N-terminus of RFRP1 in mice and hamster, in turn, is generated by nonclassical processing, which is cleavage at nonbasic Pro 78 and Met 74, respectively, despite the presence of classical, basic protease-recognised amino acids (eg, Lys 81, Figure 5) . Interestingly, the proteolytic region generating N-terminus of the RFRP1 peptide is completely conserved in mice and hamster, although different amino acid residues are recognised by proteases ( Figure 5 ). (Figure 2 ). As expected, both the ligand and the receptor genes were detected at high levels in the hypothalamus. In the peripheral tissues, relatively high expression of Rfrp and Npff1r transcripts was detected only in the eye ( Figure 2A ) and in testis ( Figure 2B ), respectively. A similar pattern of Rfrp and Npff1r expression was previously obtained in rats. 1 Overall, the mRNA expression pattern of Rfrp is slightly different than of Npff1r, as noted in Figure 2 . This is probably because the NPFF1 receptor can be also recognised by other neuropeptides derived from RF-amide peptides family. 16, 20 It is widely accepted that the neuropeptide location within the brain critically affects its functional role. We revealed the distri- 
Comparison of partial amino acid sequences of the human, macaque, bovine, rat and mouse RFamide-related peptide (RFRP) preproprotein, including sequences of mature RFRP1 and RFRP3 peptides. In all presented species, processed peptides were isolated and identified using the same scientific approach (ie, immunoaffinity chromatography coupled with mass spectrometry). Sequences are shown in blue for RFRP1 and in red for RFRP3. Underlining indicates RFRP sequence identity between species. The basic amino acids that are potential classical cleavage sites are shown in bold. Arc, arcuate nucleus; DMH, dorsomedial hypothalamic nucleus; ME, median eminence To date, knowledge about the function of RFRPs is limited.
Human
54-RSLNFEELKDWGPKNVIKMSTPAV-NKMPHSFANLPLRFGRNVQEERSAGATANLPLRSGRNMEVSLVRRVPNLPQRFGR
Macaque
54-RSLNFEELKDWGPKNVIKMSTPAV-NKMPHSVTNLPLRFGRTTEEERSTGAIANLPLRSGRNMEVSLVRQVLNLPQRFGR
Bovine
56-RSLTFEEVKDWAPK--IKMNKPVV-NKMPPSAANLPLRFGRNMEEERSTRAMAHLPLRLGKNREDSLSRWVPNLPQRFGR
Rat
56-RSVTFQELKDWGAKKDIKMS-PAPANKVPHSAANLPLRFGRNIEDRRSP--------RARANMEAGTMSHFPSLPQRFGR
Hamster
56-RSVSFQEVKDWGAKNVIKMS-PAPANKVPHSAANLPLRFGRTLEEDRST--------RARTNMEARTLSRVPSLPQRFGR
Mouse
56-RSVSFQELKDWGAKNVIKMS-PAPANKVPHSAANLPLRFGRTIDEKRSP--------AARVNMEAGTRSHFPSLPQRFGR
ME
Previous studies from our laboratory indicate the possible role of RFRPs in the control of energy balance. 14 In an experiment designed to determine the source of substrate to fuel thermogenesis during exposure to cold, we have found that, in lean and normal weight mice, the substrates for thermogenesis came from food intake;
however, in mice with diet-induced obesity, the fuel came from endogenous fuel stores. Global gene profiling analysis in the mouse hypothalamus revealed that the most robust change in gene expression was associated with the suppression of RFRP preproprotein mRNA when mice were exposed to the cold. In the mouse, the change in RFRP mRNA upon cold exposure depends neither on the nutritional status, nor on the thermogenic potential of brown fat, although down-regulation of its expression always correlates with cold-activated thermogenesis. It has yet to be determined whether RFRP controls both food intake and/or increased heat production. The localisation of RFRP-expressing neurones in hypothalamic DMH and in the region between DMH and VMH, from where they project to multiple regions of the rodent brain, corresponds with their possible roles in food intake, cold-activated thermogenesis and reproduction, in that the VMH is a distinct morphological nucleus involved mainly in feeding, thermogenesis and sexual activity, whereas the DMH governs circadian rhythm, feeding and brown adipose tissue thermoregulation. 42, 43 To the best of our knowledge, RFRPs are the first known neuropeptides that may monitor energy status in relation to the ambient temperature conditions.
In summary, the present study provides novel information about the amino acid structure of RFRP1 and RFRP3, which act as functional peptides in the mouse. Additionally, using specific antibodies, we determined the distribution of RFRP immunoreactivity in the mouse central nervous system. RFRPs are potentially involved in several important physiological systems, including reproduction and energy balance, and the present findings will help with the further analysis of their regulatory functions.
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